Introduction
Several new linear accelerator applications require output ion beams with very high current and small transverse emittance. The transverse beam brightness (beam current divided by the product of the x-and y-emittances) is often used as the figure of merit, and the design objective is to obtain a very high brightness output beam. When linear accelerator channels operate near their space-charge limit, one method to increase brightness is to combine the beams from two (or more) space-charge-limited channels. The resultant beam would have interlaced microstructure bunches and would be suitable for further acceleration in a linac operating with twice the frequency. This operation has been called funneling and was first proposed as a necessary part of the rf linac approach to heavy-ion fusion. If the funneling of two beams is accomplished with no transverse emittance growth or beam loss, the resulting beam will have twice the brightness of the beams that are combined.
In some applications, to meet brightness requirements, it would be possible to use arrays having multiple beams traversing the whole accelerator system with the final beams all focused to a common target spot is 20 focus periods, and the average of the two curves is symmetric about the dashed neutral axis that is displaced from the z-axis an amount xd. Note that the trajectory flutter is zero on the z-axis, increases to ±a at x = xd, and to ±2a at x = 2xd. The left part of the figure explains these effects. In the smooth approximation the transverse forces are proportional to the amplitude of the flutter motion. The trajectory flutter produces a restoring force proportional to the displacement from the z-axis. The lens flutter produces a constant force of magnitude proportional to a, and these forces balance at x = xd, producing the displaced neutral axis. The algebraic sum of forces from the two types of flutter then produces a restoring force that is linear relative to displacements from the neutral axis. Further, the betatron I I I frequency is independent of a, so that the focusing properties are preserved. Next, we formulated a smooth-approximation calculation to describe these effects. The calculations correspond to an rf quadrupole focusing system that has successive lenses displaced transversely from the z-axis. We used a sine-wave displacement function of amplitude a and space period fx = 2wv/w, where v is the particle velocity and w is the rf quadrupole operating frequency. 
First we see that the betatron frequency a is independent of a. Next we observe that xd is equal to a multiplied by the factors (//2)(w/a). Because w>n, then xd>>a, which demonstrates that small transverse displacements are very effective in producing large displacements of the neutral axis. Although we have used the smooth approximation to obtain simple expressions for a and xd, neither the beam manipulations discussed below nor the funneling scheme discussed later are necessarily limited to the region where the smooth approximation is valid. Now we discuss the use of this deflection force to sidestep a beam from the z-axis to a displaced parallel axis. In doing this, we must use a method that does not induce additional betatron motion that would increase the beam emittance. One possible method is to start with a particle moving along the z-axis and, at the origin turn on an initially constant value of a, to induce a half-period betatron motion. When this excursion reaches its full amplitude, we then suddenly double the value of a to move the neutral axis to a point equal to the betatron amplitude. This procedure results in the displaced trajectory shown in Fig. 3 , Curve a, where the curve is the mean of the flutter motion. After a has reached its final value of 0.6, Curve a has a residual betatron amplitude of only 0.05% for the particular manner in which a was programmed. Alternatively, the particle could be injected along the displaced neutral axis. Then by reducing a in a programmed manner, the particle could be brought to the z-axis with zero slope. This sidestep maneuver forms one-half of the funneling scheme that in the next section will be extended so that two beams can be brought to a common z-axis. Also shown in Fig. 3 From a smooth-approximation calculation for a particle with synchronous velocity (kz = wt) and for This enables us to bring the two beams to the z-axis in a programmed manner that induces no additional betatron amplitude. The transverse focusing is maintained for both beams throughout this process. The expression for Ez is similar to that of a conventional rf linac for which the expression would be
EoT cos *, where Eo is the space average accelerating field and T is the transit-time factor. Because sinh kx is positive for positive x-displacement, such a beam will be bunched in a manner similar to a conventional linac beam with the added feature that the bunching forces are proportional to sinh kx. For * = -900, the beam with positive x-displacement will experience both maximum positive-displacement forces and maximum bunching. Similarly, for * = +900, the beam with negative x-displacement will experience both maximum negative-displacement forces and maximum bunching. As the two beams approach the funneling vertex, the bunching forces are reduced to zero. If simulation studies show this to be a serious problem, it may be possible to devise an auxiliary method to maintain adequate bunching in the vertex region.
Funneling Schemes
The previous discussion suggests a method of funneling that is shown Schematically in Fig. 5 . With the initial beams parallel and closely spaced, they can enter an RFQ funnel having a minimum aperture. The beams could originate in a conventional RFQ structure that has a single rf resonator with multiple RFQ channels. Also, the two preceding accelerator channels could be designed with a sidestep near the output For example, if the phase advance per focusing period is 36°, ka = 0.1, and * = -90°, the neutral axis is displaced by a/2 if m = 1.14.
